genes. The authors reported the ability to identify turkey, chicken, beef, pork and sheep species 106 in raw and cooked meat mixtures using this assay. 107
While both ELISA and real-time PCR are commonly used methods for species detection 108 in foods, a direct comparison of the two methodologies for the purpose of detecting meat species 109 in processed products has not been carried out. The results of such a comparison would help to 110 facilitate the detection of food fraud by indicating which methodology is more appropriate for 111 use with processed meat products. Therefore, the objective of this study was to compare the 112 commercial ELISA kit described in the USDA/FSIS Microbiology Laboratory Guidebook to a 113 published real-time PCR assay for the detection of beef and pork species in processed meat 114 samples. Real-time PCR primers and probes developed by Camma et al. 
Materials and Methods 121

Reference sample collection and preparation 122
Lean, raw cuts of beef and pork were purchased from a local supermarket and were used 123 in this study to create reference tissue mixtures. Prior to mixing, a 25 mg portion of raw meat 124 from each species was collected to undergo DNA extraction and serve as a positive control for 125 real-time PCR. The positive controls for ELISA were provided by the manufacturer. Reference 126 tissue mixtures were prepared using 0.1-99.9% w/w of one meat species mixed with the second 127 species, with a total weight of 50 g per sample (Table 1) 
Specificity and sensitivity 202
As shown in Table 1 , both ELISA and real-time PCR showed 100% specificity during 203 reference sample testing, with no cross-reactivity detected for the non-target species in the 204 pork/beef binary mixtures. In terms of sensitivity, ELISA was able to consistently detect pork in 205 the binary mixture at levels down to 10.0% w/w (Table 1; Sample 5). Although pork was 206 detected at levels as low as 5.00% w/w (Sample 4), this result was only found with one of the 207 duplicate samples. The beef-specific ELISA test showed greater sensitivity compared to the 208 pork-specific test, with the lowest detection at 0.50% w/w (Sample 12) and the lowest consistent 209 detection level at 1.00% w/w (Sample 11) for beef within a binary mixture. In comparison, the 210 M A N U S C R I P T
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mixtures of sample extracts when using the ELISA-TEK™ Cooked Meat Species Test Kits, with 212 the caveat that the sensitivity and specificity of each assay may vary depending on the lot that is 213 being tested (USDA 2005). It is possible that the assay was less sensitive for pork in the current 214 study due to differences in preparation methods for the binary mixtures. However, the USDA 215 protocol does not provide details on this point, making it difficult to elaborate further. 216
Interestingly, the USDA protocol is based on a sandwich ELISA with polyclonal antibodies 217 (pAbs); however, previous studies using a sandwich ELISA assay with monoclonal antibodies 218 (mAbs) have reported lower detection limits for both pork and beef. For example, studies using a 219 sandwich ELISA with porcine-specific mAbs have reported the ability to detect pork at levels of 220 0.05-0.5% w/w in various meat mixtures (Chen & Hsieh, 2000; Liu et al., 2006) . Similarly, 221
Yamamoto et al. (2015) were able to detect beef at levels of 0.1% w/w in a beef and pork meal 222 mixture using a sandwich ELISA with two bovine-specific mAbs. Although the goal of the 223 current study was to compare the USDA protocol for ELISA to a real-time PCR assay, future 224 research along these lines should include consideration of ELISA with mAbs. 225
As shown in Table 1 , the real-time PCR assay showed greater sensitivity as compared to 226 the commercial ELISA kit for both the beef and pork assays. The lowest consistent level of 227 detection for pork within the binary mixture was 0.10% w/w using real-time PCR (Sample 1), as 228 compared to 10.0% with ELISA. This was the lowest percentage of pork contained in a reference 229 sample, meaning that the assay may be capable of even greater sensitivity. Similarly, Laube et al. 230 
Commercial samples 240
The ability of ELISA and real-time PCR to detect pork and beef in commercial samples 241 was tested with a variety of processed meat products, including ground meat, sausage, deli meat, 242 pet treats, and canned meat (Table 2) as well as the presence of inhibitory ingredients present in these samples, or these could 259 represent instances of mislabeling. Because neither method was able to detect the target species 260 in these three products, they were determined to be potentially mislabeled. 261
There were two pet treats (Samples 37 and 39) for which only one of the two methods 262 was able to detect pork. When comparing the five categories of commercial products tested, the ground meat 285 samples were the most identifiable by ELISA testing. The sausage and deli meat samples only 286 showed one inconsistent ELISA result each between the two products. For real-time PCR, the 287 ground meat, sausage, and deli meat samples were all identifiable and showed consistent results 288 among duplicate samples. The pet treat and canned meat products also showed a high level of 289 consistency among duplicate samples for both ELISA and real-time PCR, with only one 290 inconsistent result found for one of the samples tested with real-time PCR. However, there were 291 several instances in which a declared species in these product types was not detected by one or 292 both methods. This was likely due to a number of factors, including high heat treatment, the 293 presence of inhibitory ingredients, an inability to identify species in animal-derived fats, and 294 mislabeling of the products. The findings indicate that in some cases, it may be beneficial to use 295 a combination of real-time PCR and ELISA in order to more accurately authenticate the product 296 label. For example, when detecting species within pet food products, real-time PCR would be 297 advantageous for the detection of meat species at low levels, while ELISA may help to overcome 298 false negatives due to PCR inhibition. 299
Agreement among duplicate samples 300
Of the 15 reference samples, the pork-specific ELISA showed agreement among 301 duplicates for all but one sample, which contained 5.00% pork and 95.0% beef (Sample 4; Table  302 M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT
14 among duplicates, which contained 99.5% pork and 0.50% beef (Sample 12). Both samples were 304 just below the lowest consistent level of detection for the assay. Of the 30 commercial products, 305 the pork-specific ELISA showed 100% agreement among duplicates and the beef-specific 306 ELISA showed agreement for all but two samples (Table 2 ; Samples 26 and 32). In total, ELISA 307 showed agreement among duplicate samples for 86 out of 90 tests performed, with the pork-308 specific assay showing greater agreement (97.8%) compared to the beef-specific assay (93.3%) 309 (Table 3) . 310
As compared to ELISA, real-time PCR showed slightly greater overall agreement among 311 duplicate samples, with 100% agreement for all reference samples and 95% agreement for 312 commercial samples (Tables 1-2) . Of the 30 commercial products, two canned meats (Samples 313 44-45) showed inconsistent results when attempting to detect beef using real-time PCR and a pet 314 treat product (Sample 36) showed inconsistent results for pork detection (Table 2 ). Overall, real-315 time PCR analysis showed agreement among duplicate samples in 87 out of 90 tests performed, 316 with the pork-specific assay demonstrating higher agreement (97.8%) than the beef-specific 317 assay (95.6%) ( Table 3) . 318
Time requirements and ease of use 319
The commercial ELISA kit was found to be easier to carry out and have shorter time 320 requirements as compared to the real-time PCR assay (Table 3 ). The hands-on technician time 321 required to complete the ELISA test was approximately 2 min faster per sample and 1.9 h faster 322 per 24 samples as compared to real-time PCR (Table 3) . Both assays involved the use of 323 multichannel and/or electronic pipets, which improved ease of use and reduced the hands-on and 324 total time required. 325 M A N U S C R I P T
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Overall, ELISA was found to be easy to moderate to carry out. The main technical 326 challenge of ELISA was found to be timing the addition of the Stop Solution in order to achieve 327 the absorbance values for the positive controls called for in the USDA protocol (USDA 2005). 328
The real-time PCR assay was considered to be moderately difficult to perform. The main 329 technical challenge of this assay was the need to determine the DNA concentration for each 330 sample and perform dilutions prior to performing PCR. This is especially tedious when large 331 numbers of samples are being analyzed. 332
The total assay time required for ELISA was about 3.3 h for one sample and about 3.8 h 333 for 24 samples (Table 3) . These values include the time required for processing the four positive 334 controls, four negative controls and two blanks, which adds approximately 9 min to the total 335 assay time. The total assay time does not include sample preparation and collection of the 336 supernatant, which is dependent on the nature of the sample and can range from 20 min per 337 sample for cooked products to 30 min per sample for uncooked products. The times observed in 338 the current study are similar to those reported by the manufacturer of the ELISA-TEK kits: about 339 30 min of hands-on time for sample preparation and collection of the supernatant, followed by 3 340 h to conduct a complete ELISA test (ELISA Technologies Inc. 2016). 341
The total assay time required for real-time PCR was about 3.4 h for one sample and about 342 5.6 h for 24 samples (Table 3 ). The total assay time includes the use of the three positive 343 controls, a reagent blank, and a no-template control, which adds approximately 10 min. Total 344 assay time for sample preparation and collection of tissue is not included. Unlike ELISA, 345 uncooked samples do not require heat treatment prior to analysis with PCR. Therefore, the time 346 required for sample preparation and collection of tissue is estimated to take an additional 20 min 347 per sample.
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Cost of assay 349
The sample costs associated with real-time PCR were found to be less expensive than the 350 sample costs associated with ELISA. The 2016 list price for a 96-well, ELISA-TEK™ Cooked 351
Meat Specification Kit was US$550, resulting in a cost per well of US$5.73. However, this price 352 does not factor in the positive controls, negative controls, or blanks, which all together occupy an 353 additional eight wells and add a cost of US$46 to each ELISA run. Since each run must include 354 controls and blanks, the maximum value will be obtained by running a full plate of samples 355 rather than testing a few samples at a time. For example, when including the costs of the 356 controls, the price would be US$52 to test one sample at a time, but would be reduced to 357 US$7.64 per sample if 24 samples were run simultaneously (Table 3) . 358
The real-time PCR beef and pork assay used in this study was determined to cost 359 US$4.49 per sample tube. These costs include the 2016 list prices of a DNeasy Extraction Kit 360 (50 reactions), beef and pork TaqMan MGB probes, beef and pork forward and reverse primers, 361 and 2X TaqMan Fast Universal PCR Master Mix (250 reactions). As with the ELISA cost 362 calculations, these costs do not factor in the use of positive and negative controls, which must be 363 included with each run. The controls included in this study for each assay were the reagent blank 364 from DNA extraction, three positive DNA controls for PCR, and a non-template PCR control, 365 which would add a total cost of US$9.57 to each run.When the controls are included in the 366 calculation, the total cost becomes US$14 to test one sample at a time and US$4.89 per sample 367 when testing 24 samples simultaneously (Table 3) . 368
Conclusions 369
Overall, the results show that the real-time PCR assay used in this study was a more 370 sensitive method for pork and beef species detection within ground meat products as comparedM A N U S C R I P T
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to the ELISA protocol described by the USDA. However, due to the potentially inhibitory 372 ingredients that are found within some processed meat products, it may be beneficial to use both 373 real-time PCR and ELISA for species detection when testing products with additional 374 ingredients, such as pet foods. The results of this study also suggest that the real-time PCR assay 375 was a more reliable and less expensive method to perform when compared to the ELISA 376 protocol. On the other hand, ELISA was found to be less time consuming and easier to perform 377 
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Highlights
• Real-time PCR detected beef consistently at 0.50%, compared to 1.00% for ELISA.
• Real-time PCR detected pork consistently at 0.10%, compared to 10.0% for ELISA.
• Compared to ELISA, real-time PCR showed greater agreement among duplicate samples.
• ELISA was found to be less time consuming and easier to perform than real-time PCR.
• ELISA and real-time PCR showed 100% specificity during reference sample testing.
